a proinsulin-GFP fusion protein may allow for optical detection of peptide release from pancreatic beta cells Pittsburgh, Pennsylvania 15261 (Patterson et al., 1996) . This approach was further explored with the use of a mutated GFP (mut2; Cormack et al., 1996) and neuropeptide Y and chromogranin (Lang Summary et al., 1997). Again, decreases in fluorescence were seen upon depolarization, suggesting that the labeled pepNeuropeptides are slowly released from a limited pool tides might be secreted. Furthermore, that paper showed of secretory granules. To visualize this process, GFPthat granule movement could be followed with total intagged preproatrial natriuretic factor (ANF) was external reflection microscopy. However, direct biochemipressed in nerve growth factor-treated PC12 cells.
Introduction GFP-tagged peptide is stored in secretory granules and is slowly released from neurites in response to depolarNeuropeptide release is evoked by elevations in Ca 2ϩ . ization in a Ca 2ϩ -dependent manner. A Ca 2ϩ ionophore, This process is distinct from secretion of classical transdialysis of the cytoplasm with Ca 2ϩ , and extracellular mitters in that it is not associated with active zones, is ATP also evoke release. This system is then used to relatively slow, and typically requires bouts of action address two fundamental and pressing questions repotential activity. Furthermore, peptidergic granules lated to the control of peptide release. First, is the pool cannot be refilled locally. Rather, new peptide must be of releasable peptide spatially distinct? Second, what synthesized in the cell body and transported to terminals is the mobility of peptide-containing secretory vesicles? (for review, see Bean et al., 1994) . This constraint suggests that it would be advantageous to tightly control peptidergic secretion. Indeed, secretion experiments in Results and Discussion many preparations indicate that releasable and reserve pools of neuropeptides and peptide hormones exist.
Localization of the GFP-Tagged Prohormone However, the factors that control the kinetics and size A cDNA construct was made by fusing a mutated GFP of secretory responses are unknown.
sequence to a clone that encodes rat preproANF (SeidOne possibility is that regulated release of peptides man et al., 1984) , a peptide known to be targeted to the is governed by the the number of granules located next regulated pathway in neuroendocrine cells (Shields et to the membrane. Directly testing this hypothesis has al., 1990; Shiono et al., 1991) . In forming the fusion conbeen hindered by the inability to detect trafficking of struct, the N-terminal sequences that are likely to be peptides in live cells. Release and vesicle trafficking responsible for targeting proANF to secretory granules can be followed with fluorescent lipophilic dyes such were left intact, while a potential protease site at the C as FM1-43 (Betz et al., 1996) . However, these dyes prefterminus of the hormone was replaced with an 11 amino erentially label rapidly cycling vesicles that are unlikely acid linker sequence (see Experimental Procedures). to contain neuropeptides. An alternative strategy for After transfection into PC12 cells, epifluorescence mifollowing intracellular peptide movement and release croscopy revealed a punctate distribution of the peptide could be to label secreted proteins with GFP (green throughout the cytoplasm (Figure 1 ). In NGF-treated cells, the fluorescent granules accumulated in neurite terminals ( Figures 1B-1D) . Likewise, the GFP-tagged ‡ These authors contributed equally to this work. § To whom correspondence should be addressed.
peptide was restricted to one end of polarized AtT-20 clonal pituitary cells (data not shown) as has been found Depolarization by bath application of 50-100 mM K ϩ with native peptide hormones (Rivas and Moore, 1989) . evoked release of 24.3% Ϯ 4.1% (mean Ϯ SE, n ϭ 18) Thus, proANF-EGFP appears to be processed and packof neurite fluorescence ( Figure 3A ), and this effect also aged efficiently and then targeted to known sites of required bath Ca 2ϩ (n ϭ 6) ( Figure 3B ). These responses secretory granule accumulation.
are not significantly different than the biochemical measurements of release ( Figure 2B ). Release was also Biochemical Detection of ProANF-EGFP evoked from undifferentiated cells by dialysis of the cyBiochemical studies were then performed to examine if toplasm via a patch pipette with a solution containing GFP remains associated with ANF and is released in a 100 M Ca 2ϩ (29.6% Ϯ 7.6% release, n ϭ 7 cells) (Figure regulated manner. Native ANF is stored as a prohormone 3C) but not by dialysis with a 0 Ca 2ϩ , EGTA-containing (proANF) and is proteolyzed upon release (Sei et al., solution (3.7% Ϯ 1.3% decrease, n ϭ 7) ( Figure 3D ). 1992). PC12 cells do not normally synthesize ANF. HowLikewise, bath application of 1 M Br-A23187, a Ca 2ϩ ever, transfection studies have shown that proANF can ionophore, stimulated a 19.7% Ϯ 2.8% release (n ϭ 10) be stored in PC12 cells and is targeted to the regulated of neurite ending content in a Ca 2ϩ -dependent manner pathway (Shiono et al., 1991) . Therefore, if the trans-(n ϭ 4) ( Figures 3E and 3F ). Finally, extracellular ATP, fected construct was processed correctly, a protein with which acts predominantly through P 2 receptors to stimuthe molecular weight of the fusion protein should be late secretion from PC12 cells (Majid et al., 1992) , elicited detected in a particulate fraction. Immunoblots with an significant peptide secretion (22.2% Ϯ 5.6% release, anti-GFP antibody detected an ‫54ف‬ kDa protein, the n ϭ 10) ( Figure 3G ) from neurites. Therefore, stored expected size of the proANF-EGFP peptide, in a P 2 fracfluorescent peptide is released in response to a variety tion that is known to contain secretory granules ( Figure  of secretagogs. 2A). No comparable peptide was seen in mock transFurther examination of these data reveals a number fected cells. Furthermore, a 27 kDa band indicative of of significant points. First, in all cases, only a fraction free GFP was not seen. Thus, the GFP moiety must have of the total peptide pool was secreted. This feature is remained fused to stored proANF. a common characteristic of secretion of endogenous Radioimmunoassays were then used to quantitate rehormones and neuropeptides. The fact that the sizes of lease of the GFP-tagged peptide. Depolarization with secretory responses evoked by different secretagogs elevated extracellular K ϩ triggered release of a portion are not significantly different (p ϭ 0.67) implies that the of cellular ANF immunoreactivity (n ϭ 5). As expected releasable pool comprises 20%-30% of packaged pepfor normal secretion, depolarization-induced release retide. Second, with all secretagogs tested, no fast phase quired extracellular Ca 2ϩ (n ϭ 4) ( Figure 2B Gutierrez et al., 1997) . Thus, while we have not atneurite endings were evident (e.g., white regions in Figure 4) , and in some cases, these regions did not move tempted to measure the exact size of the readily releasable pool, our results are consistent with the conclusion appreciably (data not shown). Hence, movement of some secretory granules must be restricted. If such rethat it represents a small fraction of total releasable peptide. Capacitance measurements suggest that this is strictions were substantial, they might influence the kinetics or magnitude of secretory responses. also a common feature of secretion of native hormones (e.g., Horrigan and Bookman, 1994) . Finally, in many Mobility of GFP fusion proteins can be investigated by using fluorescence recovery after photobleaching cells, release followed first order kinetics. For example, Br-A23187-evoked release could be fit with t 1/2 ϭ 159 Ϯ (FRAP) (Cole et al., 1996) . To determine if the number of mobile granules or their rate of movement could influ-21 s for five cells. Similarly, in four of seven cells dialyzed with 100 M Ca 2ϩ , release was well-described with t1/2 ϭ ence secretion, FRAP experiments were conducted on neurites. In all cases, the confocal microscope was fo-84 Ϯ 9 s. In the latter case, it is unlikely that Ca 2ϩ limited the kinetics of release. Rather, it is possible that a single cused midway up the neurite ending so that movement of cytoplasmic granules could be imaged. In Figure 5A , Ca 2ϩ -independent step was rate limiting. a dark line is apparent on a neurite terminal after photobleaching. After 10 min, only partial recovery is evident Secretion Does Not Specifically Deplete a Granule ( Figure 5B ). This movement does not appear to be orgaPool near the Plasma Membrane nized (i.e., no asymmetries or patterns were evident; These findings raised the question of whether the size data not shown). Thus, granules appear to diffuse ranor speed of secretory responses could be explained in domly. FRAP measurements further revealed that granterms of granule distribution. For example, releasable ule movement is slow ( Figure 5C , t 1/2 ϭ 125 Ϯ 36 s, n ϭ peptide might be packaged in granules located next to 4). The equation for deducing the diffusion coefficient the membrane so that secretion ceases when this pool from recovery after a line bleach is D ϭ (3r 2 /4t 1/2 )␥, where is depleted. If this were the case, one would expect to r is the half width of the bleach line, and ␥ is a correction find a marked depletion of peptide near the membrane factor for bleach depth (Feldman et al., 1981) . With this following maximal stimulation. However, confocal miequation, our data yield a value for D of 4.9 ϫ 10 Ϫ11 croscopy indicated that depolarization reduced peptide cm 2 /s for mobile granules. This is ‫01ف‬ 4 times slower content throughout neurite endings (n ϭ 7) (Figure 4) . than the movement of free GFP in the cytoplasm (Terry No membrane-specific depletion was detected, even et al., 1995; Swaminathan et al., 1997) . Finally, recovery when confocal images were acquired every 20-60 s.
of fluorescence was found to be incomplete ( Figure 5C ): This result shows that peptide distributed throughout only 30% Ϯ 4.8% of granules are fully mobile (n ϭ 7). the neurite ending left the plane of focus. Since results Fully mobile peptide was also rare after depolarization across many planes of focus from a single neurite were (data not shown). Thus, FRAP experiments suggest that similar, secretion must have been associated with a a minority of granules diffuses slowly, while a majority distributed decrease in peptide levels. Thus, the releasof cytoplasmic peptidergic secretory granules in neurite able pool is not determined only by spatial constraints. terminals is immobile (or restricted in their movement) Furthermore, the global decrease in peptide levels imand hence unavailable for short secretory responses. plies that some peptidergic granules must be mobile and redistribute during secretory responses.
Tracking the Diffusion of Individual Granules
A limitation of FRAP experiments is that the bright laser Mobility of Secretory Granules Detected by FRAP light used for photobleaching could damage the cell. Therefore, we were interested in independently testing If all granules were freely diffusible, a uniform distribution of GFP-tagged peptide would be found. In fact, whether some granules move slowly while others are immobile. The low density of granules in cell bodies of clear concentrations of the fluorescent peptide within NGF-treated cells ( Figures 1B-1D) (Figure 6) . Hence, the 4t, gives a value for the diffusion coefficient of D ϭ 7.4 ϫ 10 Ϫ11 cm 2 /s. Hence, these granules are members movement of peptidergic secretory granules in the cell body of NGF-treated cells is relevant. Therefore, timeof the slowly mobile pool. The quantitative agreement between results from microscopic single-granule tracklapse images were acquired with a low level of illumination, and movement of single granules was tracked.
ing and FRAP experiments implies that photodamage did not affect granule movement. Furthermore, this con- Figure 7 shows the trajectories of eight granules from two cells that were imaged every 5 s for 1.5 min. As cordance suggests that mobile peptidergic secretory granules truly diffuse randomly inside neurons. would be expected for peptide hormone-containing secretory granules, tracked granules were large (0.33 Ϯ FRAP studies also suggested that immobile granules were present. Consistent with this finding, the movements of five granules in Figure 7 are very restricted and slow. Although they are not completely stationary, mean translocation is limited to 0.073 Ϯ 0.005 m per image. The rms translocation in these cases gives a diffusion coefficient of 3.9 ϫ 10 Ϫ12 cm 2 /s. Thus, these granules are members of the immobile fraction detected in FRAP experiments. Also consistent with FRAP studies, immobile granules were readily apparent after depolarization. Thus, particle tracking and FRAP experiments independently support the conclusion that two populations of cytoplasmic granules can be discerned based on mobility: one population that moves slowly could participate in secretory responses, while a second group of granules is essentially immobile and hence cannot move to the plasma membrane to release their contents.
Comparison to Previous Studies with PC12 Cells and with GFP
A number of results indicates that proANF-EGFP is targeted to secretory granules. First, labeled granules accumulated at terminals. Targeting to the constituitive pathway would not give this distribution (Rivas and Moore, 1989) . Second, the tracked granules were the expected size for peptidergic secretory granules. Finally, the size of the secretory responses obtained here agree with previous experiments with undifferentiated and NGF-treated PC12 cells (Peppers and Holz, 1986; Banerjee et al., 1993) . Thus, our functional experiments indicate that proANF-EGFP is targeted efficiently to secretory granules.
A recent study (Lang et al., 1997) found that ‫%22ف‬ of granules labeled with GFPmut2-tagged chromagranin was not immunohistochemically positive for the chromaffin cell densecore granule marker dopamine ␤-hydroxylase (D␤H). This measurement may be an overestimate of mistargeting in our experiments. To our knowledge, the fidelity of this marker has not been demonstrated with electron microscopy in NGF-treated PC12 cells. to terminals, be of appropriate size, and redistribute both biochemical and optical methods were used to verify that proANF-EGFP is released in a Ca 2ϩ -depenwith secretion. Finally, the worst case scenario of 22% mistargeting cannot account for our finding that 70% dent manner. It was also shown that the intracellular distribution and movement of peptidergic granules can of granules are nearly immobile. Therefore, the most straightforward interpretation of our data is that proANFbe monitored with standard epifluorescence and confocal microscopy. In contrast, prior studies could not de-EGFP is packaged in secretory granules as expected and that some minor mistargeting, if it occurs, does not tect individual granules (Patterson et al., 1996) or contended with photobleaching (Lang et al., 1997) . These fundamentally alter the interpretation of our results.
In this report, we established that fluorescence from technical differences may be accounted for by the use of an EGFP tag. This mutant is 35-fold brighter than wilda GFP-tagged prohormone can be used to measure regulated peptide secretion from single cells and neutype GFP and ‫-2ف‬fold brighter than the mut2 variant (Cormack et al., 1996) . Furthermore, the fact that its rites. In contrast to previously published experiments, Note that fluorescence in a control region away from the bleach site is nearly constant (squares) in this case. Thus, repetitive scanning does not induce marked photobleaching. In contrast, a partial slow recovery is evident in the photobleached region (triangles). Mobile fractions were corrected for general depletion of peptide in cases where decreases were seen in the control region. codon usage has been optimized for mammalian cells kinetics, suggesting that a single step could be rate determining. Our data raise the possibility that the ratecould increase expression 4-fold over more native jellyfish GFP sequences (Yang et al., 1996) . Therefore, predetermining step for sustained release may be diffusion of granules to sites of exocytosis. Second, it is generally proANF-EGFP may be particularly useful for studying granule movement and peptide release.
found that secretagogs can evoke release of only a fraction of stored hormones and neuropeptides in a wide variety of cell types. This fraction is often termed the Granule Mobility Affects the Size and Kinetics of Peptide Secretion releasable pool. The granule mobility experiments presented here indicate that many secretory granules are The combination of granule mobility and peptide release results presented here suggests that the limited mobility essentially immobile and therefore cannot move to the membrane to participate in secretory responses. Since of secretory granules can account for a number of common features of regulated neuronal peptide release (Fig- the sizes of the releasable and freely mobile pools are similar, these pools may be equivalent. Finally, kinetic ure 8). First, it is known that secretion of neuropeptides is slow compared to classical synaptic transmission. In measurements have led to the conclusion that there is a reserve pool of secretory granules in neuroendocrine many experiments, release evoked by a high concentration of cytoplasmic Ca 2ϩ occurred with first order cells. We began our studies with the hypothesis that Biochemical secretion assays were performed on transfected cell types. , or KpnI fragment of the rat preproANF cDNA (Seidman et al., 1984) (4) 75 mM K ϩ , 0 Ca 2ϩ , 1 mM EGTA. After 20 min at room temperature, into the corresponding site of pEGFP-N1 (Clontech) followed by extracellular solution was collected for release assays. The rechanging frame with digestion and filling in at the BamHI site of the maining cells were hypotonically lysed and centrifuged to remove vector. The resulting construct lacks the last two amino acids (RR) of cellular debris. Supernatants were used for determination of re-ANF and possesses an additional 11 amino acids (CGPGINPPVAT) maining peptide content. ANF-EGFP was concentrated using Sepbetween ANF and EGFP.
pak C 18 cartridges (Waters) and assayed by radioimmunoassay (Hu-PC12 rat pheochromocytoma cells were grown in Dulbecco's ang et al., 1991) using [ 125 I]rat-ANP reagent pack (Amersham Life modified Eagle's medium (DMEM) supplemented with 10% fetal Sciences). K ϩ -induced release in the presence of Ca 2ϩ was calcubovine serum (FBS) at 37ЊC in a 5% CO 2 incubator. After trypsinizalated by subtracting released peptide in (1) from (3). For K ϩ -induced tion, cells were plated on polylysine-coated coverslips. After 1 day release in the absence of Ca 2ϩ , (2) was subtracted from (4). Release in culture, medium was replaced with DMEM, and cells were was expressed in terms of percent total peptide content. transfected for 2 hr with the preproANF-EGFP vector using the For P 2 isolation, PC12 cells were rinsed in normal saline and suslipofection reagents lipofectamine (GIBCO-BRL) or Tfx-50 (Propended in 2 ml of a hypotonic lysis buffer consisting of 10 mM mega). The medium was then replaced with DMEM with 10% FBS sodium phosphate (pH 7.4). Cells were then homogenized with 40 and 50 ng/ml 2.5S NGF (GIBCO-BRL). For experiments in undifferenstrokes of a dounce homogenizer. Lysates were brought to a volume tiated cells, no NGF was included. After two or more days in culture, of 30 ml in ice cold buffer containing 0.32 M sucrose, 10 mM HEPES, coverslips were placed in a chamber and viewed on an inverted and 0.1 mM EDTA (pH 7.4). Samples were centrifuged at 750 ϫ g microscope. Standard bathing solution included 140 mM NaCl, 5
for 5 min at 4ЊC for the removal of nuclei and cellular debris (P1). mM CaCl2, 5.4 mM KCl, 0.7 mM MgCl2, 10 mM glucose, and 10 mM
The supernatant was collected and centrifuged at 100,000 ϫ g for Na-HEPES (pH 7.4). Experiments were performed at room tempera-1 hr at 4ЊC resulting in the P2 pellet. The P2 fraction was collected ture (i.e., 22ЊC-25ЊC).
and processed for Western blot (WB) analysis using a 1:2000 dilution Microfluorimetry was performed on an inverted microscope using of a rabbit polyclonal anti-GFP antibody (Clontech) and a horserada 40ϫ oil immersion objective (1.3 numerical aperture [NA] ). Light ish peroxidase-conjugated goat anti-rabbit secondary antibody. Imfrom an attenuated mercury arc lamp was passed through a standard wide band FITC optic cube and recorded by a Thorn Emi munoreactivity was visualized by ECL (NEN).
Figure 8. Model of Neuropeptide Secretion
The reserve pool is made up of immobilized granules distributed throughout the cytoplasm. Immobilization may be due to a stable interaction with the cytoskeleton. Such an interaction might be produced by direct binding or by a caging effect. Free granules move slowly and are releasable. The readily releasable pool, which is small in neurite endings, is proposed to be composed of docked granules that can release their contents in the presence of Ca 2ϩ . Docking kinetics is limited by the slow diffusion of granules. Facilitators may shift the equilibrium between immobilized and mobile granules to the right. This would lead to an increase in the maximal size of sustained secretory responses (i.e., the releasable pool). Furthermore, mass action would increase the size of the readily releasable pool.
Particle-tracking experiments were performed similarly to mimicroscopy studies of secretion using insulin-green fluorescent protein. Biophys. J. 
